We have investigated the relationships between plasma interleukin-6 (IL-6) levels and insulin sensitivity and insulin secretion in a cohort of Italian-Caucasian glucosetolerant subjects. Insulin sensitivity was assessed by euglycemic-hyperinsulinemic clamp, and first-phase insulin secretion was measured by intravenous glucose tolerance test. Fasting plasma IL-6 concentration was negatively correlated with the rate of insulin-stimulated glucose disposal (M) (P ‫؍‬ 0.001). The correlation remained statistically significant, while attenuated, after adjusting for sex, age, and BMI (P < 0.03); after an additional adjustment for free fatty acids (FFAs), a further attenuation was observed, but statistical significance was maintained (P < 0.044). Fasting plasma IL-6 concentration was positively correlated with first-phase insulin secretion assessed as acute insulin response (AIR) (P ‫؍‬ 0.001). The correlation remained significant after adjusting for sex, age, and BMI (P ‫؍‬ 0.003). To estimate the independent contribution of plasma IL-6 levels to AIR, we carried out forward stepwise linear regression analysis in a model that included sex, age, BMI, waist-to-hip ratio, FFAs, and insulin-stimulated glucose disposal. Only insulin sensitivity and plasma IL-6 concentration were independently associated with AIR, accounting, respectively, for 19.0 and 5.2% of its variation. These data indicate that IL-6 is associated in a reciprocal manner with the two pathophysiological components of type 2 diabetes, i.e., insulin resistance and insulin secretion. Diabetes
T he pathogenesis of type 2 diabetes is characterized by a combination of insulin resistance at the level of skeletal muscle, fat, and liver and failure of pancreatic ␤-cells to compensate for the enhanced insulin demand. A body of evidence has accumulated over the past decade supporting the concept that insulin resistance and type 2 diabetes are related to a chronic, low-grade, inflammatory state (1, 2) . Cross-sectional studies in type 2 diabetic patients or in individuals with impaired glucose tolerance/impaired fasting glucose have shown that acute-phase markers are elevated in these subjects compared with nondiabetic control subjects (1) (2) (3) . Several studies have shown that proinflammatory cytokines and acute-phase reactants are correlated with clinical features of the metabolic syndrome, including measures of insulin resistance/plasma insulin concentration, BMI/waist circumference, and circulating triglyceride and HDL cholesterol concentration (2,4 -6) . In addition, many prospective studies in different human populations have identified proinflammatory cytokines, acute-phase proteins, and several indirect markers of inflammation as predictors of type 2 diabetes and glucose disorders (7, 8) .
Interleukin-6 (IL-6), a major regulatory proinflammatory cytokine, is produced by a variety of cells, including leukocytes, adipocytes, and endothelial cells, and acts on the liver to stimulate the production of a number of acute-phase proteins. Circulating IL-6 levels have been reported to be elevated in subjects with type 2 diabetes (1) and to correlate with direct and indirect measures of insulin resistance (6,9 -11) . However, while the relationship between insulin resistance and circulating IL-6 levels is well established, there is little information on an independent association between plasma IL-6 levels and insulin secretion (11) . Conflicting results have been also reported from in vitro studies, showing that IL-6 has stimulatory (12) (13) (14) , neutral (15) , or inhibitory (16, 17) effects on insulin secretion from pancreatic ␤-cells, likely as a result of a wide variability in experimental conditions.
The aim of the present study was to examine the relationship between fasting plasma IL-6 levels and insulin secretion in a cohort of 80 Italian-Caucasian glucosetolerant subjects.
for plasma glucose and insulin. A total of 80 subjects had normal glucose tolerance according to the American Diabetes Association criteria (18) . Hyperinsulinemic-euglycemic clamp and intravenous glucose tolerance test. Subjects were subjected to intravenous glucose tolerance test and to hyperinsulinemic-euglycemic clamp. At 8 A.M., after a 12-h overnight fast, an intravenous catheter was placed in the antecubital vein for the infusion of glucose. Another cannula for blood sampling was inserted into a wrist vein surrounded by a heated box. After baseline blood collection, a bolus of glucose (300 mg/kg in a 50% solution) was given (within 30 s) into the antecubital vein to acutely increase the blood glucose level. Samples for the measurement of blood glucose and plasma insulin were drawn at 2, 4, 6, 8, and 10 min. Acute insulin response (AIR) was calculated as the mean increment in the plasma insulin concentration above basal during the first 10 min after glucose administration by the trapezoidal method according to the formula
. The degree of insulin sensitivity was evaluated with the euglycemic-hyperinsulinemic clamp technique. Subjects received insulin (Humulin; Eli Lilly, Indianapolis, IN) as a primed-continuous infusion targeted to produce plasma insulin levels of ϳ420 pmo/l. The insulin infusion rate was fixed at 40 mU/m 2 per min. Blood glucose level was maintained constant throughout the study by infusing 20% glucose at varying rates according to blood glucose measurements performed at 5-min intervals. The rate of total insulin-stimulated glucose disposal (M) was calculated for the last 60 min of the insulin infusion. Biochemical assays. Plasma insulin concentration was determined by radioimmunoassay (Adaltis, Italy). IL-6 concentration was measured by an enzymelinked immunosorbent assay (Quantikine kit; R&D Systems, Minneapolis, MN). All others metabolites were measured by standard methods. Statistical analysis. The Kolmogorov-Smirnov test was used to test the normality of distribution, and non-normally distributed variables were natural log transformed. Continuous variables are expressed as means Ϯ SD or as median (range). Relationships between variables were determined by Pearson's correlation coefficient (r). Relationships between variables were sought by stepwise multivariate linear regression analysis with forward selection to assess the magnitude of their individual effect on insulin secretion. For all analyses, a P value Յ0.05 was considered to be statistically significant. All analyses were performed using SPSS software version 12.0 for Windows.
RESULTS
Anthropometric and biochemical characteristics of the study subjects are shown in Table 1 . Fasting plasma IL-6 concentration was positively correlated with BMI, fasting and 2-h postload insulin concentrations, and fasting free fatty acid (FFA) levels (Table 2 ). These correlations remained significant after adjusting for sex and age but were no longer significant after adjustment for BMI, with the exception of the correlation between plasma IL-6 concentration and 2-h postload insulin concentration (P ϭ 0.04). Fasting plasma IL-6 concentration was negatively correlated with the rate of insulin-stimulated glucose disposal (M) (P ϭ 0.001). The correlation remained statistically significant, while attenuated, after adjusting for sex, age, and BMI (P Ͻ 0.03). Adjustment for FFAs in addition to sex, age, and BMI resulted in further attenuation of the significant correlation between plasma IL-6 concentration and insulin-stimulated glucose disposal (P Ͻ 0.044).
Fasting plasma IL-6 concentration was positively correlated with first-phase insulin secretion assessed as AIR (P ϭ 0.001) ( Table 2 ). The correlation remained significant after adjusting for sex, age, and BMI (P ϭ 0.003). Adjustment for insulin-stimulated glucose disposal (M) in addition to sex, age, and BMI resulted in attenuation of the significant correlation between plasma IL-6 concentration and insulin-stimulated glucose disposal (P Ͻ 0.01). To estimate the independent contribution of plasma IL-6 levels to insulin-stimulated glucose disposal (M), we carried out forward stepwise linear regression analysis in a model that included sex, age, BMI, waist-to-hip ratio, and FFAs. The results of the multivariate analysis revealed that only two variables were independently associated with insulin-stimulated glucose disposal (M) ( Table 3) ; BMI was the strongest, accounting for 37.5% of its variation, whereas plasma IL-6 concentration accounted for 4.3% of the variation. The model accounted for 41.8% of the total variation in AIR.
To estimate the independent contribution of plasma IL-6 levels to AIR, we carried out forward stepwise linear regression analysis in a model that included sex, age, BMI, waist-to-hip ratio, FFAs, and insulin-stimulated glucose disposal. The results of the multivariate analysis revealed that only two variables were independently associated with AIR (Table 3) ; insulin sensitivity was the strongest, accounting for 19.0% of its variation, whereas plasma IL-6 concentration accounted for 5.2% of the variation. The model accounted for 24.2% of the total variation in AIR. 
PLASMA IL-6 LEVELS AND INSULIN SECRETION

DISCUSSION
The most important finding of the present study is the association between plasma IL-6 levels and first-phase insulin secretion and that this relationship is independent of confounding factors such as insulin sensitivity, age, sex, BMI, and waist-to-hip ratio. Only one study (11) , to the best of our knowledge, has investigated the relationship between circulating IL-6 levels and direct measures of insulin secretion. The authors reported that, in a cohort of 44 Pima Indians with normal glucose tolerance, first-phase insulin secretion, assessed as AIR during an intravenous glucose tolerance test, was not significantly correlated with plasma IL-6 levels (r ϭ 0.13, P ϭ 0.33) (11) . The differing results between the present study and the previous one may be due to ethnic, demographic, or clinical differences. In addition to the obvious difference in ethnicity existing between the two populations studied, BMI was higher in the Pima Indians group than in subjects of the present study. Mean fasting insulin levels and 2-h glucose concentrations were markedly higher in Pima Indians group than those values in our study population, denoting a condition of greater insulin resistance and initial ␤-cell decompensation. Another study has investigated the relationship of inflammatory markers regulated by IL-6 such as C-reactive protein and fibrinogen with insulin secretion in a cohort of 396 subjects from the follow-up of the Risk Factors in Impaired Glucose Tolerance for Atherosclerosis and Diabetes (RIAD) study, who were at high risk for type 2 diabetes (5). The authors did not observe association between subclinical inflammation markers and insulin secretion, evaluated by several indexes from oral glucose tolerance test. However, the divergent results between the RIAD study and the present study could in part be due to differences in subject selection. For instance, the RIAD included subjects with type 2 diabetes, a condition known to be associated with elevated IL-6 levels and marked impairment in insulin secretion. Furthermore, it is possible that the effects of IL-6 on pancreatic ␤-cell function are direct rather than mediated by inflammatory molecules partly, but not exclusively, regulated by IL-6. In this respect, some (12) (13) (14) but not all (15) (16) (17) studies have demonstrated that IL-6 directly stimulates insulin secretion in cultured insulinoma cells and rat pancreatic islets.
It is possible that these discrepancies are due to the experimental conditions used. Indeed, in experiments utilizing physiological concentrations of IL-6, ranging from 1 to 100 pg/ml, a stimulatory effect of IL-6 has been observed on both basal and glucose-stimulated insulin secretion. By contrast, neutral or inhibitory effects of IL-6 have been reported in experiments employing high pharmacological concentrations of IL-6, ranging from 500 to 25,000 pg/ml (15) (16) (17) . The mechanisms by which IL-6 may modulate insulin secretion are not clear, although some evidence suggest that it may increase insulin secretion and preproinsulin mRNA expression via a Ca 2ϩ -dependent mechanism (14) . Among the variables included in the multivariate stepwise analysis only insulin sensitivity and IL-6 concentration were independently associated with AIR, accounting for 24.2% of its variation. However, it is highly plausible that other cytokine-related effects, such as an increase in other proinflammatory cytokines; for example, tumor necrosis factor-␣ may contribute to variation in insulin secretion. In the present study, we provide further evidence of the link between plasma IL-6 levels and insulin resistance or related components of the metabolic syndrome such as high blood pressure, overweight/obesity, and low HDL levels. According to some (10, 11, 19) but not all (9) studies the relationship between fasting plasma IL-6 concentration and insulin sensitivity was attenuated after adjustment for BMI, likely due to the fact that adipose tissue secretes a considerable amount of IL-6, ranging from 15 to 35% of total circulating IL-6, and that increased release of IL-6 dependent from increasing adiposity may be involved in obesity-related insulin resistance (20) . IL-6 may contribute to insulin resistance indirectly by stimulating lipolysis in adipocytes, thus resulting in an increase in circulating FFAs, which would impair insulin action (21) . It has been demonstrated that acute rhIL-6 infusion increased circulating FFA concentration and that the relationship between plasma IL-6 levels and insulin sensitivity occurred in parallel to increases in plasma FFAs (9, 22, 23) . According to this view, we found that fasting FFA levels were associated with plasma IL-6 concentration and that the inclusion of FFAs in a multivariate regression model, also including age and sex, attenuated the capability of IL-6 levels to predict insulin-stimulated glucose disposal.
In conclusion, fasting plasma IL-6 levels are positively related to first-phase insulin secretion and negatively related to insulin sensitivity in a cohort of Italian-Caucasian glucosetolerant subjects. The relationship between IL-6 and insulin secretion appears to be independent of modulators of insulin secretion such as age, sex, BMI, and insulin sensitivity. The relationship between IL-6 and insulin action seems to be partially mediated through adiposity.
